Hofmeister MV, Damkier HH, Christensen BM, Olde B, LeebLundberg LM, Fenton RA, Praetorius HA, Praetorius J. 17␤-Estradiol induces nongenomic effects in renal intercalated cells through G protein-coupled estrogen receptor 1.
THE LATE PART OF THE RENAL distal convoluted tubule (DCT2), connecting tubule (CNT), and initial cortical collecting ducts (iCCD) are important for hormone-regulated Na ϩ and Ca 2ϩ reabsorption and adjustment of urinary pH. Peptide hormones such as vasopressin, ANP, angiotensin II, insulin, and PTH, as well as the steroid hormones aldosterone and vitamin D 3 have major regulatory effects on the distal renal tubular function (32, 43) . In addition, the steroid hormones 17␤-estradiol (E2) and progesterone (P4) play important roles in the Na ϩ and Ca 2ϩ balance (15, 46) . For example, E2 is a crucial player in the prevention of female bone decalcification resulting in osteoporosis (1) , and the reduced circulating E2 level is known to be associated with an increased risk of renal stone formation in women after menopause (24) . Furthermore, E2-induced fluid retention is caused partly by increased renal tubular Na ϩ reabsorption (8) , and P4 has natriuretic actions by directly antagonizing aldosterone at the level of the mineralocorticoid receptors (37) . In addition to long-term effects, many steroid hormones exert nongenomic effects either via their classic receptors or through membrane-associated receptors (reviewed in Ref. 20) . Steroid hormones acutely activate the MAPK cascade (36) , phosphatidylinositol 3-kinase (PI3K)/Akt pathways (23) , and G protein-coupled, receptor-mediated generation of cAMP (47) and intracellular Ca 2ϩ signaling (39) . In intercalated cells of isolated perfused medullary collecting ducts, aldosterone induces rapid Ca 2ϩ signaling, apical H ϩ -ATPase trafficking, and an increased acid extrusion rate by activation of an unidentified receptor (50) . Further interest in nongenomic actions of steroid hormones in the kidney was spurred by a recent report showing early stimulation of Ca 2ϩ channels by E2 in primary cultured CCD cells (27) . However, the molecular mechanisms by which E2 acutely affects renal tubular function are unknown.
Insight into how the individual steroid hormones act on renal tubular cells is essential for understanding the early regulation of cell signaling and ion transport pathways. The aim of this study was to determine whether E2 exerts nongenomic effects on the DCT2/CNT/iCCD and whether this would affect central cellular functions. To investigate the cellular response to hormonal treatment, we used freshly isolated DCT2/CNT/iCCD from mice expressing enhanced green fluorescent protein (EGFP) driven by the transient receptor potential vanilloid 5 (TRPV5) promoter (25) . We demonstrate that E2 induces [Ca 2ϩ ] i increases through the membrane-associated estrogen receptor GPER1 and enhances the H ϩ -ATPase activity in renal intercalated cells.
MATERIALS AND METHODS
Animals. Mice expressing EGFP driven by the TRPV5 promoter were used to facilitate in the identification of DCT2/CNT/iCCD (25) . Unless otherwise stated, male and female mice aged 9 -26 wk were included in the study such that littermates of both sexes were used for each series (n ϭ 29 and 25, respectively). Each time an EGFP-positive male was included, the following experiment would be performed on an EGFP-positive female. Male G protein-coupled receptor GPER1 (GPR30) knockout (KO) mice (35) and male wild-type controls were used where indicated. The GPER1/GPR30 KO mice had been backcrossed for 10 generations into the C57BL/6 strain, which was the genetic background for all other mice in the study. Where indicated, male mice were briefly anesthetized by isoflurane inhalation and treated with 17␤-estradiol or vehicle (10 g in PBS ip) and perfusion fixed after 30 min under a second anesthesia, as described below under Immunohistochemistry. The authors are licensed to breed these GMO mice and conduct the described experiments by the Danish Ministry of Justice.
Separation of renal tubules. Mice were anesthetized by isoflurane inhalation and perfused at 37°C with 1 mg/ml collagenase type-IV (PAN, Biotech) and 1 mg/ml pronase (Roche Diagnostics) in 10 ml isolation buffer (in mM): 150 Na ϩ , 3.6 K ϩ , 1. 10 .0 HEPES, and 5.6 glucose, pH 7.4), plated on Cell-Tak (BD Biosciences)-coated coverslips, and allowed to attach for 30 min at 37°C. Cells were loaded for 10 min at 37°C with the fluorescent intracellular Ca 2ϩ dye fluo4-AM (10 M, Invitrogen) or pH-sensitive BCECF-AM (10 M, Invitrogen) in HBS. Unless otherwise stated, 5 mM probenecid was added to optimize retention of fluo 4 in all cells (Sigma-Aldrich). Probenecid was omitted to selectively load intercalated cells with the dyes (50) in all recordings of intracellular pH (pH i) measurements and in one series of Ca 2ϩ (indicated). Fluo 4 was excited at 495 nm, and for BCECF the excitation alternated between 495-and 440-nm light from a Polychrome V monochromator (Till Photonics). The fluorescence emission at 510 -535 nm from the cells was collected by a 12-bit cooled CCD monochrome camera (QImaging Retiga EXi or Andor iXon EM-CCD). QED InVivo imaging (Media Cybernetics) or Till Vision (Till Photonics) software was used to set wavelengths, 20-to 40-ms exposure time, 1-Hz sampling rate, and binning to 512 ϫ 512-pixel images, as well as to collect data from user-defined regions of interest (representing individual cells). All experiments were run at pH 7.4 and 37°C in a closed perfusion chamber and superfused with a linear flow rate of 0.8 mm/s at 37°C on the stage of an inverted microscope (Nikon T-2000 with a 60x/1.4 NA Plan Apo VC objective). The lumen of the tubules is most likely collapsed after the isolation and plating, thus limiting the access of the superfusate to the apical membranes.
Baseline Ca 2ϩ levels were recorded for at least 2 min before addition of the various compounds: E2, Fulvestrant (ICI 182,780), were included in the analysis. The data from three individual cells each representing one region of interest (ROI) were pooled for each recording, and tubules from one mouse represent one experiment. In experiments on tubules from EGFP-expressing mice, only EGFP-negative cells were included in the analysis to avoid fluorescence contamination from EGFP. The background fluorescence was subtracted from each measurement, and the data were normalized to the initial intracellular Ca 2ϩ concentration ([Ca 2ϩ ]i) upon HBS superfusion. For pH i recordings, cells were acid-loaded by ammonium prepulsing, and the pH i recovery in the absence of Na ϩ was monitored after E2 treatment with or without the H ϩ -ATPase inhibitor concanamycin (100 nM, Sigma-Aldrich). The fluorescence ratio derived from the BCECF measurements was calibrated to pHi by clamping pHi to stepwise changing extracellular pH by 10 m nigericin in a high-K ϩ buffer (7). Each individual experiment was terminated by clamping pH i to 7.0. The Na ϩ -independent d[H ϩ ]i/dt was calculated as the product of dpH i/dt and the intrinsic buffering power (␤int) as previously described (7) .
Isolation of mRNA and RT-PCR. EGFP-expressing tubules (15) (16) (17) (18) (19) (20) were isolated for each RT according to the SuperScript III CellsDirect cDNA Synthesis System (Invitrogen) from male mice. The mRNA from renal cortex homogenate (in TRI Reagent, Ambion) was extracted according to the manufacturer's manual. One microgram of RNA was treated with RNase-Free DNase (Promega). RT reactions were performed with 50 ng/l oligo(dt) (MWG-Biotech) and PCR reactions in a total volume of 10 l containing 2ϫ HotStart Taq master mix (Qiagen), 1 l of cDNA from the renal cortex RT reaction or 2 l of cDNA from the DCT2/CNT/iCCD RT reaction, and 1 M of each sense and antisense primer (Table 1 ). GAPDH was used as an internal control. The thermal cycling conditions were 1 cycle at 94°C for 15 min followed by 30 cycles (renal cortex) or 40 cycles (DCT2/ CNT/iCCD) at 94°C for 45 s, 61°C for 1 min, and 72°C for 45 s. Reaction products were separated on agarose gels, imaged, and confirmed by nucleotide sequencing (MWG). , pH 7.4). After tissue dehydration in graded ethanol, incubation overnight in xylene, and embedding in paraffin wax, 2-m-thick sections were cut using a rotary microtome (Leica). The sections were dewaxed with xylene and rehydrated with graded ethanol. Antigens were retrieved by boiling for 10 mM Tris with 0.5 mM EGTA, pH 9, for 10 min. Free aldehydes were quenched with 50 mM NH 4Cl in PBS for 30 min, and sections were blocked in PBS with 1% BSA, 0.2% gelatin, and 0.05% saponin and incubated overnight at 4°C with primary antibody diluted in PBS with 0.1% BSA and 0.3% Triton X-100. After washing, the sections were incubated with fluorophore-conjugated secondary antibodies in PBS with BSA and Triton X-100 and mounted with Glycergel Antifade Medium (Dako) and coverslips. The sections were inspected on a Leica DMIRE2 inverted microscope with a TC5 SPZ confocal unit using a 64x/1.32 NAHCX Pl Apo objective.
Immunogold electron microscopy. Small renal cortical tissue blocks were cut from the fixed male mouse kidneys, infiltrated overnight in 0.01 M PBS with 2.3 M sucrose and 2% paraformaldehyde, mounted on holders, and rapidly frozen in liquid nitrogen. Tissue blocks with random orientation were cryosectioned with a Reichard FCS Reichert Ultracut S (Leica Microsystems, Wetzlar, Germany) at Ϫ120°C. The 80-nm cryosections were first blocked by incubation in PBS containing 0.05 M glycine and 0.1% skim milk powder. The sections were then incubated for 1 h at room temperature with antibody against the vacuolar H ϩ -ATPase in PBS containing 0.1% skim milk powder. The primary antibody was visualized using gold-conjugated secondary antibodies in PBS with 0.1% skim milk powder and polyethyleneglycol (5 mg/ml). The cryosections were stained for 10 min with 0.3% uranyl acetate in 1.8% methyl-cellulose and examined in a FEI Morgagni electron microscope.
Antibodies. Primary antibodies were goat anti-GFP (ab6673, Abcam), pendrin (RA3466/2671) (30) and biotinylated rabbit anti-V1-ATPase B1 subunit (7659) (10) . Several anti-GPER1 antibodies were applied unsuccesfully.
1 Secondary antibodies and streptavidin were conjugated to Alexa 488, Alexa 555, or Alexa 633 (all from Invitrogen). Topro3 was used as a nuclear marker (Invitrogen). Goat antirabbit IgG conjugated to 10-nm colloidal gold particles (GAR EM10, BioCell Research Laboratories, Cardiff, UK) was used for visualization in electron microscopy.
Statistical analyses. Data are presented as means Ϯ SE values. Statistical comparisons of paired data from two groups were made using the paired t-test. One-way ANOVA with a Bonferroni posttest was performed for comparing means across three or more groups. A two-tailed Mann-Whitney U-test was used for comparing unpaired means across two groups (GraphPad InStat3 software). Values of P Ͻ 0.05 were considered statistically significant. was significantly smaller than the response obtained by 10 Ϫ8 M E2 (P Ͻ 0.05, n ϭ 4, Fig. 1B Fig. 3A) . In support of the involvement of nonclassic ERs, superfusion with ICI 182,780 alone was sufficient to increase [Ca 2ϩ ] i in the DCT2/CNT/iCCD (trace, Fig.  3A, n ϭ 2) . This inhibitor has previously been reported to act as an agonist on nonclassic ERs and induce acute increases in [Ca 2ϩ ] i (22, 26) . Tubules were superfused with the GPER1 agonist G-1 to further analyze the involvement of nonclassic E2 receptors in the induction of transient [Ca 2ϩ ] i increases. Steroid hormone receptor expression in the renal DCT2/CNT/iCCD. We examined the mRNA expression of both classic nuclear steroid hormone receptors and membranebound receptors in the renal cortex and the DCT2/CNT/iCCD by RT-PCR in two independent analyses in male mice. Transcripts of the classic ERs, ER␣ and ER␤, as well as the classic PR were detected in EGFP-assisted isolated tubules (Fig. 4A) . In addition, mRNA of GPER1 and the membrane progesterone membrane receptor component 1, PGMRC1, were both expressed in the EGFP-positive tubules. The tubular origin of the mRNA samples was verified by the expression of EGFP and TRPV5 mRNA and by the absence of parvalbumin (a DCT1 marker) mRNA. All analyzed steroid hormone receptors, as well as parvalbumin, EGFP, and TRPV5, were expressed in total renal cortex (Fig. 4B) . PCR products were not detectable without reverse transcription or when the template was omitted (not shown).
RESULTS

Physiological E2 concentrations induce [Ca
Intercalated cell responsiveness to E2 is a prerequisite for implicating GPER1 in the E2-induced [Ca 2ϩ ] i response. It was not possible to distinguish between cell types in the above [Ca 2ϩ ] i in the DCT2/CNT/iCCD. The acute effects of P4 and aldosterone were studied to establish one of these steroid hormones as a positive control for the following experiments in GPER1-deficient renal tubules (see below). P4 is known to elicit acute effects on the distal renal tubules, and, like E2, P4 induced a concentration-dependent increase in [Ca 2ϩ ] i in the range from 10 Ϫ11 to 10 Ϫ9 M, as indicated in the trace in Fig. 5A . M, P Ͻ 0.05, n ϭ 5, Fig. 5D ). Acute aldosterone-induced [Ca 2ϩ ] i increases were reported previously in medullary intercalated cells (50) . Confirmatory experiments with aldosterone are shown in Fig. 5E and demonstrated that 10 Ϫ9 M aldosterone evoked an increase in [Ca 2ϩ ] i in a subset of the isolated, superfused DCT2/CNT/iCCD (P Ͻ 0.05, n ϭ 4).
Ca 2ϩ signaling in CNT/iCCD from GPER1-deficient mice. In a separate set of experiments, we tested directly whether GPER1 is required for E2-, ICI-, and G-1-mediated [Ca 2ϩ ] i increases in renal tubules from male mice. In these experiments on EGFP-negative mice, CNT and iCCD were identified by their branching morphology (i.e., arcades). Superfusion with P4 and ATP were used as positive controls for intact tubular [Ca 2ϩ ] i responsiveness. Figure 6A shows a CNT cell not responding to superfusion with E2 and G-1 before clamping of [Ca 2ϩ ] i to extracellular Ca 2ϩ concentration by ionomycin. Figure 6C illustrates that cells lacking E2 responsiveness are capable of responding to P4 superfusion, which indicates that the receptor mediating rapid P4 effects is intact. The summarized data show that the effect of E2 in CNT/iCCD from wild-type mice is completely absent in GPER1 knockout mice (n ϭ 5 for GPER1 knockout mice, n ϭ 7 for wild-type mice, Fig. 6D ). The effects of E2, G-1 as well as ICI 182,780, are not significantly different from zero response. Thus E2-induced [Ca 2ϩ ] i increases seem to require GPER1 expression (P Ͻ 0.05 for P4 and E2 wild-type against all other columns).
Subcellular H ϩ -ATPase distribution after short-term E2 administration. The vacuolar H ϩ -ATPase was shown to traffic from a subapical pool to the apical plasma membrane in medullary type A-intercalated cells upon short-term aldosterone treatment (50) . E2 was given intraperitoneally to male mice, and their kidneys were collected for analysis after 30 min, to study whether E2 has a similar effect on cortical H ϩ -ATPase. Plasma estradiol was 50.10 Ϯ 8.54 pM in controls and increased to 4,334 Ϯ 1,110 pM in E2-treated mice. Confocal microscopic inspection of immunostained kidney sections did not support trafficking of the H ϩ -ATPase in cortical intercalated cells ( Fig. 7A; n ϭ 6 ). Figure 7B exemplifies the medullary staining pattern in the same sections (i.e., predominantly type A intercalated cells), where pendrin is virtually absent and the apical H ϩ -ATPase staining seems more prominent after E2 treatment. In electron microscopic analysis of the renal cortex, type A cells were identified by predominantly having mitochondria in their apical pole and longer microvilli (Fig. 8A) , whereas type B/non-A,non-B cells were identified by mainly basal mitochondria and shorter microvilli (Fig. 8, B and C) . All intercalated cells contained numerous H ϩ -ATPase immunoreactive vesicles in the cytoplasm apical to the nucleus. In addition, type A intercalated cells displayed prominent H ϩ -ATPase labeling of the apical plasma membrane in both controls and E2-treated mice. Conversely, type B cells/non-A,non-B cells had prominent H ϩ -ATPase staining in the basolateral plasma membrane. Again, no systematic difference was observed between treated and untreated mice (n ϭ 6).
Effect of E2 on H ϩ -ATPase activity in intercalated cells. Adjustment of urine pH is an important function of renal intercalated cells and is accomplished by the active pumping of protons into the tubular lumen (type A cells) or to the blood side (type B cells) through the vacuolar H ϩ -ATPase. The effect of E2 administration on H ϩ -ATPase activity in intercalated cells was studied by recording the recovery of intracellular pH after acidification. Extracellular Na ϩ and CO 2 /HCO 3 Ϫ were omitted to minimize the contributions of Na ϩ /H ϩ exchangers and Na ϩ -HCO 3 Ϫ cotransporters. These experiments were performed on tubules from EGFP-negative mice, and intercalated cells were identified by dye retention. Ammonium prepulsing by superfusion resulted in a modest acidification of the intercalated cells as assessed by BCECF fluorescence microscopy (Fig. 9A) . The micrograph illustrates the preferential dye loading in intercalated cells. The acid extrusion rate was significantly increased from the control values in a subset of intercalated cells by 10-min pretreatment with 10 Ϫ8 M E2 (n ϭ 5, P Ͻ 0.01, Fig. 9B ). This effect was eliminated by the H ϩ -ATPase inhibitor concanamycin added to the superfusate (n ϭ 5, P Ͻ 0.05). E2 did not affect Cl Ϫ /HCO 3 Ϫ exchange rates in the intercalated cells, as the initial pH i increase upon Cl Ϫ removal was 0.06 Ϯ 0.02 mM/s in controls and 0.05 Ϯ 0.03 mM/s in E2-treated cells (24 mM Cl Ϫ was substituted with 24 mM HCO 3 Ϫ , and the solution was ventilated with 5% CO 2 in air, n ϭ 5, not significant). Thus E2 treatment appears to increase the H ϩ -ATPase activity in cortical intercalated cells, while anion exchange was unaltered by the treatment.
DISCUSSION
The present study demonstrates that physiological E2 concentrations induce acute [Ca 2ϩ ] i increases through the membrane-associated receptor GPER1 and increase H ϩ -ATPase activity in intercalated cells of the DCT2/CNT/iCCD.
The canonical observation in this study was the rapid ] i increase after E2 administration does not involve store-mediated Ca 2ϩ release. The Ca 2ϩ channels TRPV5, TRPV4, and TRPC3, as well as T-type and L-type voltage-dependent Ca 2ϩ channels, are expressed in DCT2, CNT, or CCD tubules (2, 17, 33, 51, 53) . However, these channels have never been detected in renal intercalated cells. The Ca 2ϩ influx pathway is most probably situated on the basolateral membrane of the intercalated cells, as the luminal compartment would most often be collapsed following tubule isolation. TRPV5, TRPC3, and T-type voltage-dependent Ca 2ϩ channels are luminal plasma membrane proteins and are, therefore, unlikely to take part in the observed [Ca 2ϩ ] i increases. Involvement of TRPV4 would require sensitivity to ruthenium red, which we did not observe. L-type Ca 2ϩ channels are not expressed in intercalated cells, and as in our study, the inhibitor nifedipine failed to eliminate Ca 2ϩ mobilization in intercalated cells (51) . Thus the molecular identity of the proposed basolateral Ca 2ϩ entry route in the renal intercalated cells remains elusive and deserves further attention in studies dedicated to this topic.
Rapid E2-induced effects can be mediated by activation of the classic ER␣ and ER␤ (9, 28) or the ER␣ splice variant ER46 (29) . Furthermore, rapid E2-induced effects are reported to occur via the membrane bound GPER1 (14, 16, 44 Many tissues respond to estrogen or progesterone through nonclassic receptors. However, the nature of these receptors is still controversial and may vary among tissues (31, 34) . At present, nonclassic steroid hormone receptors have been identified for E2 and P4, and include GPER1 (44) and PGMRC1 (3), respectively. Classic estrogen receptor (ER) mRNAs are expressed in the kidney along with GPER1 as well as classic progesterone receptors (PRs) and PGMRC1 (18) . GPER1 mRNA expression was previously demonstrated mainly in the CNT and CCD (18, 40) , but the cell-specific localization and function of GPER1 in the kidney were unknown. In the present study, GPER1 mRNA expression in the DCT2/CNT/iCCD was verified. We also demonstrated PR and PGMRC1 expression at the mRNA level in fluorescence isolated DCT2s/CNTs, which is in accordance with the recent identification of PGMRC1 as a mouse intercalated cell protein by proteomic analysis (11) .
Thus the present data demonstrate that the classic nuclear receptors for E2 and P4, as well as GPER1 and PGMRC1, are expressed in the DCT2/CNT/iCCD. Our assessments of intracellular Ca 2ϩ levels arise from EGFP-negative cells in EGFPexpressing tubules, which include the GPER1-expressing intercalated cells. A previous study on the medullary collecting duct demonstrated aldosterone-induced Ca 2ϩ signaling in type A intercalated cells (50), so we speculated whether the cortical E2 responsiveness was observed in intercalated cells as well. Selectively loading intercalated cells with the Ca 2ϩ fluoro- phore and repeating the E2 stimulation protocol helped to achieve this purpose.
In (11) . Thus it seems to be a common feature for the tested steroid hormones to induce transient [Ca 2ϩ ] i increases through nonclassic membrane receptor activation.
The direct involvement of GPER1 in the E2-mediated Ca 2ϩ signaling was studied in renal tubules from a GPER1-deficient mouse model (35, 49) . It was necessary first to establish the responsiveness of GPER1-deficient DCT2/CNT/iCCD tubules to aldosterone and P4 to ensure that the tubules were reactive to other steroid hormones. As shown previously (50), aldosterone induced significant [Ca 2ϩ ] i increments in renal tubules. Interestingly, a recent report suggested that acute responses to mineralocorticoids actually are mediated by GPER1 (19) . Therefore, P4 was chosen as the positive control for tubular steroid-induced [Ca 2ϩ ] i responses on experiments on GPER1-deficient tubules. In the present study, GPER1 expression seems to be a prerequisite for the E2-induced [Ca 2ϩ ] i responses in the CNT/iCCD. In all tubular cells, the [Ca 2ϩ ] i was unaffected by E2 administration, while the P4 and ATP responsiveness was intact. ATP acts on virtually all renal tubules by activating basolateral metabotropic P 2 Y receptors, which in turn mobilize endoplasmatic Ca 2ϩ by inositol 1,4,5-triphosphate activation (4). The dependence on GPER1 for E2-mediated Ca 2ϩ signaling was verified by the lack of an effect of G1 and ICI 182,780 administration in GPER1 knockout mice.
The final adjustment of urine pH is a main task of renal intercalated cells (13) . In type A cells, the vacuolar H ϩ -ATPase is actively pumping protons into the tubular lumen, while in type B cells it pumps protons to the blood side. Short-term aldosterone treatment was shown to induce rapid trafficking of the vacuolar H ϩ -ATPase from a subapical pool to the plasma membrane as well as an increase in H ϩ -ATPase activity in type A intercalated cells from the renal medulla (50) . In the renal cortex, we did not find evidence of such trafficking after similar E2 administration in either type A or type B intercalated cells, while in the medulla, apical H ϩ -ATPase trafficking could not be excluded. The E2 plasma level was successfully elevated by the treatment in the range from male physiological levels to above female peak values (41) . Rapid apical trafficking of the H ϩ -ATPase is well described in type A cells, while basolateral build-up of the protein in type B cells has not been reported to our knowledge. This does not, however, exclude that the function of H ϩ -ATPase already in the plasma membrane may be altered by the treatment. Indeed, E2 seemed to enhance the H ϩ -ATPase activity in acidified cortical intercalated cells. The overrepresentation of type B cells and non-A,non-B cells in the cortex suggests that the observations were mainly from these cells. ϩ -ATPase activity. We suggest a new role for GPER1 in the distal renal tubules mediating downstream acute signals in response to E2. Estrogen protects against some forms of kidney stones, primarily because of long-term effects on the urinary saturation of stone-forming salts, thus not involving intercalated cells (52, 24) . Nevertheless, we speculate that E2-induced basolateral H ϩ -ATPase activity may be helpful, also in the short-term, to avoid formation of specific kidney stone types.
